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SYSTEMS AND METHODS FOR DETECTING
LANDING GEAR GROUND LOADS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of priority from U.S.
Provisional Application Ser. No. 61/455,169, filed Oct. 15,
2010, U.S. Provisional Application Ser. No. 61/455,170,
filed Oct. 15, 2010, and U.S. Provisional Application Ser.
No. 61/393,456, filed Oct. 15, 2010, the contents of which
are 1ncorporated by reference herein in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to landing gear structures in
aircraft, and more particularly, to systems and methods for
determining, e.g., predicting, ground loads applied thereto.

2. Description of the Related Art

Airframe manufacturers typically require that landing
gear suppliers provide a detection system to determine 11 any
overload condition occurs. Overload conditions refer to any
combination of forces, e.g., stresses, strains and ground
loads, which act on the landing gear that cause one or more
components to reach design limits and, ultimately, yield.
Typically, overload conditions occur during landing, ground
maneuvers or towing operations.

Historically detection of overload conditions was limited
to pilot opmion and reporting. However, more recent
attempts that detect overload conditions use recorded flight
data to assess a severity of a landing event which, 1n turn, 1s
predicts whether an overload condition may have occurred.
For example, U.S. Pat. No. 7,589,645 to Schmidt (herein-
after “Schmidt™) discloses an overload detection system that
uses accelerometer measurements 1n combination with tlight
data from the avionics system to determine 1f a hard landing
occurs. Occurrence of this hard landing can result 1n an
overload condition. However, the approach disclosed in
Schmidt proves highly mnaccurate since 1t 1s predicated on
only accelerometer measurements and flight and fails to
provide quantitative information of actual loads experienced
by the landing gear. In addition, accelerometer measure-
ments and flight data are only available when accelerometers
and avionic electronics are operational, e.g., power 1s on.
Accordingly, Schmidt fails to detect 11 an overload occurs
during towing operations whereby aircraft power is off.
Further still, Schmidt failure to provide quantitative infor-
mation ol actual loads experienced by the landing gear
results 1n an overwhelming number of erroneously detected
overload conditions. Erroneous detection of overload con-
ditions causes an increased cost of maintenance for the
landing gear and, ultimately, a delay in future deployment
for the aircrait due to required verification mspections that
clear the landing gear prior to further tlights. The required
verification inspections are expensive, time-consuming and
complex.

For example, 11 there are indications of overload condi-
tions after initial visual ground inspections, subsequent
ispections on the landing gear are performed during land-
ing gear operation and while the aircraft 1s placed in sus-
pension, €.g., on aircrait jacks. Thereafter, 1 these subse-
quent inspections indicate overload conditions, the entire
landing gear 1s removed and sent to a qualified facility for
detailled Non-Destructive Testing (NDT). At present, the
entire landing gear 1s removed, even 1f only a single landing
gear component fails, since, it 1s not possible to determine
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individual landing gear component loads and, thus, 1t 1s not
possible to determine when 1ndividual landing gear compo-

nents reach design limits and fail.

Therefore, there 1s a need for accurate detection of over-
load conditions, so as to eliminate unnecessary inspections.
Moreover, there 1s a need for detection of loads upon
individual components of the landing gear that are subjected
to overload conditions, thereby allowing service technicians
to quickly 1dentily only particular component(s) that require
further inspection or replacement.

It 1s also appreciated that, in general, airline industry
customers are hesitant to implement new detection systems
unless required by the airframe manufacturer and/or aviation
authorities. Further, additional detection systems typically
correlate to increased costs, such as additional maintenance.

Therefore, there 1s a need for an mmexpensive detection
system that objectively and accurately assess the forces
experienced by the landing gear and, further, the degree to
which particular landing gear components approach design
limits caused by the forces, e.g., an overload condition. Such
a detection system can confirm or disprove pilot-made hard
landing declarations, assure safe aircrait operation and,
further, minimize maintenance costs associated therewith.

SUMMARY OF INVENTION

The present disclosure provides systems and methods for
predicting loads experienced by a landing gear of an aircratt.
The disclosed systems and methods provide sensors asso-
ciated with the landing gear and, further, processing archi-
tecture for predicting the forces experienced by the landing
gear.

The terms “strain gauge” or “‘strain sensors”, as used
herein, are not limited to traditional strain gauges that
measure resistance changes from an increase or decrease in
strain, but, instead, these terms refer to any device that can
be used to determine strain or displacement of a component
at a given location. The term “force” refers to a measure of
the interaction between bodies, and the term “load” refers to
the force exerted on a surtace or body, e.g., the landing gear.
The terms “comprises” or “comprising’’ are to be interpreted
as specitying the presence of the stated features, integers,
steps or components, but not precluding the presence of one
or more other features, integers, steps or components or
groups thereof. The term “landing gear”, as used herein, 1s
not limited to only an individual component of a traditional
landing gear, but, instead, refers to a landing gear structure,
including connecting components.

The present disclosure provides a system for predicting
loading applied to a landing gear including, inter alia, a
plurality sensors positioned proximate to the landing gear.
The plurality of sensors measure strain experienced by the
landing gear and each sensor yielding strain data. The
system further includes a processor that receives the strain
data from the plurality of sensors and predicts at least one
ground load applied to the landing gear based on the strain
data.

In some embodiments, at least one sensor of the plurality
of sensors measures a hoop stress experienced by the
landing gear structure and yields hoop stress data. The
processor further receives the hoop stress data, and predicts
the at least one ground load based on the hoop stress data and
the strain data.

In other embodiments, the landing gear includes a bogie
beam that has a pivot point and at least two axles. The
plurality of sensors are positioned on either side of the pivot
point, and the strain data includes measurements of loads
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from each of the at least two axles to yield individual axle
data. The processor predicts the at least one ground load

based on a summation of the individual axle data.

Alternatively, the landing gear can include a piston and a
bogie beam that connects to the piston at a piston base. The
bogie beam can include at least two axles and a pivot point.
The plurality of sensors are positioned on either side of the
pivot point and at least one of the plurality of sensors 1s
positioned on the piston base.

The system can further include a power supply module,
data acquisition circuitry, and a second processor. The power
supply module provides power to the plurality of sensors,
the data acquisition circuitry interrogates the plurality of
sensors to acquire the strain data therefrom, and the second
processor instructs the data acquisition circuitry as to the
sampling rate and data resolution to be used to interrogate
the plurality of sensors.

In some embodiments, the strain 1s measured at a sensor
location and the processor further predicts an occurrence of
an overload condition based on a model that relates a
magnitude of the ground load to a design limit of the landing,
gear, €.2., a landing gear component, at the sensor location.

There 1s further disclosed a method for predicting a
ground load applied to a landing gear. The method includes
powering a plurality of sensors located proximate to the
landing gear structure, mterrogating the plurality of sensors
via data acquisition circuitry to yield strain data instructing
the data acquisition circuitry as to a sampling rate and data
resolution to be used for the interrogating, and, finally,
processing the strain data to predict a ground load applied to
the landing gear.

These and other aspects of the systems and methods of the
present disclosure will become more readily apparent to
those having ordinary skill in the art from the following
detailed description taken 1n conjunction with the drawings,
described below.

BRIEF DESCRIPTION OF THE DRAWINGS

So that those having ordinary skill 1in the art can more
readily understand how to employ the novel system and
methods of the present disclosure, embodiments thereot are
described in detail herein below with reference to the
drawings, wherein:

FIG. 1 1s a perspective view of a typical landing gear
structure;

FIG. 1A 1s a side-elevation view of the landing gear
structure of FIG. 1;

FIG. 2 1s a side-elevation view of the landing gear
structure of F1G. 1, which illustrates locations for placement
of sensors;

FIGS. 3A-3C are cross section views taken along section
line A-A, which illustrate sensor arrangements;

FIG. 4 1s a side-elevation view of a lower portion of the
landing gear structure of FIG. 1 and highlights a torque
linkage;

FIG. 5A 1s a top-elevation view of an upper torque link;

FIG. 5B 1s a side-elevation view of the upper torque link
of FIG. SA;

FIG. 6 provides a perspective view of a typical cantilever-
type landing gear structure;

FIG. 7 provides a perspective view of a typical aft
articulated-type landing gear structure;

FIGS. 8-9 illustrate a typical cantilevered-type landing
gear structure having greater than two wheels;

FIG. 10A 1s a front-elevation view of an axle having an
aircraft wheel and loads applied thereto;
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FIG. 10B 15 a side-elevation view of FIG. 10A;

FIG. 10C 1s the same front-elevation view of FIG. 10A of
an axle, but without the aircrait wheel;

FIG. 10D 1s a side-elevation view of FIG. 10C;

FIG. 10E 1s a cross-sectional view of axle 1010 shown 1n
FIG. 10A viewed at cross section B-B;

FIG. 11 1llustrates the cantilever-type landing gear struc-
ture shown 1n FIG. 6 and locations for sensor placement on
an axle thereotf; and

FIG. 12 illustrates the aft articulated-type landing gear
structure shown 1n FIG. 7 and locations for sensor placement
on an axle thereof.

In general, a component or a feature that 1s common to
more than one drawing 1s indicated with the same reference
number 1n each of the drawings.

DETAILED DESCRIPTION

Disclosed herein are detailed descriptions of specific
embodiments of systems and methods for predicting the
loads experienced by the landing gear which can be used to
evaluate whether an overload condition has occurred.

The disclosed embodiments are merely examples of ways
in which certain aspects of the disclosed systems and
methods can be implemented and do not represent an
exhaustive list of all of the ways the mvention may be
embodied. Indeed, it will be understood that the systems,
devices, and methods described herein may be embodied 1n
various and alternative forms. The figures, described above,
are not necessarily to scale and some features may be
exaggerated or minimized to show details of particular
components. Well-known components, materials or methods
are not necessarily described in great detail 1n order to avoid
obscuring the present disclosure. Moreover, the figures
illustrate some elements that are known and will be recog-
nized by one skilled in the art. The detailed descriptions of
such elements are not necessary to an understanding of the
disclosure, and accordingly, are presented only to the degree
necessary to facilitate an understanding of the novel features
of the present disclosure.

To achieve the need for accurate detection of overload
conditions, detection of the forces and loads applied to
individual components of the landing gear, and, further, to
provide simplified systems and methods that avoid unnec-
essary maintenance costs, the present disclosure provides
systems and methods for accurate overload detection using
a minimum number of sensors strategically placed proxi-
mate the landing gear.

The systems and methods provided by the present disclo-
sure are illustrated conceptually in FIGS. 1-12. The systems
and methods disclosed are not limited to use 1n the 1llustrated
landing gear designs, but, instead, can be employed 1n a
variety of landing gear constructions without departing from
the inventive aspects of the present disclosure.

FIG. 1 establishes an understanding of forces that are
typically experienced by aircraft landing gears which can
cause an overload condition. Sensors can be strategically
placed on the landing gear to measure these loads. In
particular, FIG. 1 1s a perspective view of a typical landing
gear, 1.¢., landing gear 100. Landing gear 100 includes a
shock strut 105, a piston 110, a torque linkage 115, and an
axle 120.

FIG. 1 1illustrates loads and forces normally encountered
by landing gear 100 along and about an X axis, a Y axis and
a 7. axis. The forces applied to landing gear 100 intersect at
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a landing gear post 125. Landing gear post 125 further
serves as an intersection point between axle 120 and a shock
strut centerline 127.

The loads applied to landing gear 100 along each of the
X axis, the Y axis and the Z axis include a vertical force (V),
a drag force (D), a side force (S), respectively. In addition,
the loads further include moments about each of the X, Y
and 7 axis that include a vertical moment (MV), a drag
moment (MD) and a side moment (MS), respectively. All of
these forces and moments represent a total load applied at
aircraft wheels (not shown) that are attached to axle 120. The
aircralt wheels are not illustrated, but, instead, a vertical
wheel centerline 130 and a vertical wheel centerline 135
represent placement of an inboard wheel and an outboard
wheel, respectively, on axle 120.

The total loading, including applied forces and resultant
moments, 1s calculated as follows:

2Ix=D=DA, (or DG)+DA_ (or DG )
2Fy=5=5+5_

2EFz=V=VAV,
SMx=MD=MDA+MD _+(V-V _)Lw
SMy=MS=-(DG+DG_ )RR

SMz=MV=(D_-D)Lw
Wherein:

D=DA (Drag force acting on axle centerline when brakes
mactive)

D=DG (Drag force acting at the ground when brakes are
active)

RR=Tire Rolling Radius (1.e. distance from axle center-
line to tire contact point)

Lw=distance from shock strut centreline to wheel center-
line 130 (inboard wheel centerline 130 equals outboard
wheel centerline 135).

Note: an assumption 1s made that landing gear 100
includes two wheels.

The loads that are applied to landing gear 100 are trans-
ferred from the aircrait wheels to piston 110 and torque
linkage 115. The aircrait wheels experience ground loads
when an aircrait 1s landing. Accordingly, sensors are stra-
tegically placed at piston 110 and torque linkage 115.

FIG. 1A 1s a side-angle view of FIG. 1, and highlights
loads that specifically act upon piston 110. The total loading,
including applied forces and resultant moments, upon piston
110 1s calculated as follows:

SFx=D
SFy=S
SFr=V
S Mx=MD+SL
SMy=MS-DL

2Mz=0
Wherein:

L. 1s an axle trail, e.g., the distance from the axle centerline
to the piston centerline.

S 1s a total side load

D 1s a total drag load

MYV 1is reacted by the torque linkage.
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Mz 1s zero at piston strain measurement locations since
the torque linkage transfers MV to an upper landing
gear structure. Further, some designs carry MV through
the sensor location, however, most designs do not.

FIG. 2 1s a side-elevation view of the landing gear
structure of FIG. 1 which illustrates locations for the place-
ment of sensors.

In particular, FIG. 2 1illustrates piston 110 and an outer
cylinder 205, 1.e., a piston barrel, and, further, illustrates
placement of sensors 215 on piston 110. Piston 110 transiers
the following loads to outer cylinder 205: Drag (D), Side (S),
Vertical (V), Moment Drag (MD), and Moment Side (MS).
(For nose landing gear (NLG) designs, there are no brakes,
therefore MS=0). Accordingly, sensors 215 are placed on
piston 110 to measure the loads applied to landing gear 100.

In some landing gear designs, however, o1l 1n a shock strut
1s present throughout the entire length of the piston 110, and
thereby causes hoop stress when compressed. According to
Hooke’s law, sensors 215 can be affected by this hoop stress
since they are located on piston 110. Specifically, hoop stress
aflects umaxial sensor measurements (uniaxial sensors are
discussed with reference to FIGS. 3A-3C, below). As a
result, an additional sensor or sensors is/are required to
determine 11 any hoop stress 1s present at sensors 215. Once
determined, sensors 215 can be calibrated, or sensor mea-
surements can be later adjusted, to account for this.

Table 1 represents the loads that are applied of piston 110,
and, thus, to landing gear 100. A black box indicates a shear
based strain and a hashed box indicates a uniaxial based
strain. Table 1 assumes that landing gear 100 has no rake
angle, 1.e., the vertical axis 1s parallel with the shock strut
axis, and that the torque 1s reacted prior to the piston sensor
location. Accordingly, Based on Hooke’s law, the total axial
strain can be calculated from the five load components 1n
Table 1 which correspond to five unknown variables.

For example, the uniaxial stresses are as follows:

Bending

My M
Op = — + —
/xx  Lyy

Axial

V
Op;=——
A

Hoop

oy = f(V)

Accordingly, the total stress values are:

MD + SL MS—DL] V

Oy =0p +0, =( +
/XX VALY A

D-y:G-H:f(V)

Thus, the total axial strain equation, from Hooke’s Law,
1s as follows:

1 1[(MD+SL MS-DL V

+ — —] — VT
/XX Zyy A

According to the total axial strain equation above and
represented 1n Table 1, there are a total of five unknown
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variables, 1.e., five load components acting on piston 110.
These five unknown varnables, or five load components,
generate axial strain at piston 110, via bending or direct axial
loading. Accordingly, sensors 215 are designed to include
five sensors that measure strain and predict the five load
components, and, therefore solves for the five unknown
variables.

Moreover, as discussed above, hoop stress may exist 1f the
shock strut design allows for internal pressure, 1.€., presence
of o1l, at the sensor locations. If hoop stress 1s present, an
additional sensor 1s required to account for an x-component
of strain caused by the hoop stress.

Sensors 215 are arranged 1n accordance with the five force
components of Table 1 (and five unknown variables of the
above-discussed equation), and include five sensors having
arrangements 1llustrated in FIGS. 3A-3C.

FIGS. 3A-3C are cross section views taken along section
line A-A, which illustrate three possible sensor arrange-
ments. In particular, FIGS. 3A-3C provide arrangements
300, 305 and 310. Specifically, each of arrangements 300,
305 and 310 include five sensors to measure strain and
predict the five load components acting on piston 110. FIG.
3A 1illustrates a sensor arrangement 300 including five
uniaxial sensors or gauges, 1.€., black dots. Sensor arrange-
ment 300 only includes uniaxial sensors and, thus, requires
highly accurate sensors. FIG. 3B 1llustrates a sensor arrange-
ment 305 having three umaxial sensors and two shear
sensors, 1.e., triangles. FIG. 3C 1llustrates a sensor arrange-
ment 310 having four uniaxial sensor and one shear sensor.

Preferably, sensors 215 include an arrangement having at
least one shear sensor in combination with uniaxial gauges,
¢.g., arrangements 305 and 310. This arrangement provides
a robust design since both D and an MS produce bending
about the Y axis, while S and MD produce bending about the
X axis. Incorporating at least one shear sensor decouples the
D and S from the MS and MD.

Sensor locations, e.g., orientation, quantity and type
depend on an airframe program which the disclosed moni-
toring system 1s 1installed. Moreover, each landing gear
design 1s traditionally static load tested prior to implemen-
tation. The static load testing can determine areas of maxi-
mum stress experienced by landing gear 100 and, further,
determine optimized locations and types of sensors. For
example, 1n each of arrangements of FIGS. 3A-3C, the five
sensors are equally spaced; however, results of the static
load testing may determine alternative spacing. In addition,
if the sensors arrangement 1s 1implemented to only evaluate
the weight and balance of the aircrait, shear sensors may
prove unnecessary and, instead, arrangement 300, 1.c.,
equally spaced and uniaxial sensors, 1s preferred. Ultimately,
static load testing can be used to validate an effectiveness of
a given arrangement and also computational features of the
overload detection health and maintenance system
(ODHMS) of the present imnvention.

The sensors are employed to measure loads applied to
landing gear 100. The sensors are not limited to uniaxial or
shear sensors, but, instead, refer to any device that can be
used to determine strain or displacement of a component at
a given location. Typically, the sensors are electronic and
translate an applied load (including strain or displacement)
into electronic data, e.g., stress or strain data. In addition, the
sensors typically communicate with processing architecture.
The processing architecture, including algorithms, includes
a processor that receives sensor data, e.g., stress or strain
data, and predicts at least one ground load based on the
received sensor data. In some embodiments, the processor
may be a stand-alone component or as an integrated arrange-
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ment of a plurality of sub-ordinate components. For
example, the processor may be part of a control unit, data
acquisition circuitry, or a combination thereof. Data acqui-
sition circuitry typically receives sensor data in memory
according to a sampling rate and a specified data resolution.
In addition, the processor may be part of a data concentrator
unit that receives and stores data from the data acquisition
circuitry.

Further still, the processing architecture can predict an
occurrence ol the overload condition. For example, the
processor predicts the occurrence of the overload condition
based on a model that relates a magnitude of the ground load
to a design limit of the landing gear at a sensor location. The
model can be generated from data determined by finite
clement analysis or static load testing of the landing gear. In
addition, after the processor predicts the occurrence of the
overload condition, the processor further transmits an alarm,
or causes an alarm to trigger. This alarm can include, but 1s
not limited to an audio alarm or a visual alarm, e.g., a light.

In other embodiments, the processor communicates with
a database that stores overload detection health and main-
tenance (ODHM) status. In particular, the database stores the
strain data and the processor analyzes the strain data over
time to yield a health status of the landing gear. For example,
the processor can compare changes 1n the strain data over a
time period to a baseline model that determines structural
integrity of landing gear components, e€.g., strain 1n a com-
ponent v. time, to vield the health status.

FIG. 4 1s a side-elevation view of a lower portion of the
landing gear structure of FIG. 1 and highlights torque
linkage 115. Torque linkage 115 includes an upper torque
link 405, a lower torque link 410, and attachment pins 415.
Torque linkage 115 transiers any moment acting about shock
strut centerline 127, 1.e., MV, to outer cylinder 205 (and,
consequently, the airframe of the aircraft). Specifically,
torque linkage 1135 receives MV as a shear force that
produces high bending loads.

FIG. 4 further illustrates L . that represents the dis-
tance from shock strut centerline 127 to an apex on torque
linkage 115. L .., represents a distance from shock strut
centerline 127 to the apex of the torque linkage (which
varies based on compression of the shock strut, e.g., varying
vertical loads). L , 5+ 1s a factor 1n calculating MV which 1s
discussed with reference to FIGS. S5A and 5B, below.

L , »-+1s determined by, and directly related to, a stroke of
shock strut 105. Various techniques are used to determine
the shock strut stoke and can include measuring a torque
linkage angle change, which, 1n conjunction with a known
geometry of the structure, provides the shock strut stroke.

FIG. 5A 15 a top-elevation view of upper torque link 405,
and FIG. 3B 1s a side-elevation view of upper torque link
405.

FIG. 5A includes a sensor 305 placed on a side of torque
link 405 that 1s also illustrated 1 FIG. SB. Sensor 505 is
shown on upper torque link 403, but 1t 1s not limited to such.
Instead, sensor 505 can be placed on lower torque link 410,
on (or within) attachment pins 415, and on webbing of the
torque linkage (not shown). Further, multiple sensors may be
used and placed for any combination of these locations.
Sensor 505 can include a umiaxial, shear, or specialized
sensor, depending on location. For example, sensor 505 1s a
umaxial sensor when located on upper torque link 405, a
specialized sensor when located on or within attachment
pins 415, and a shear sensor when located on the webbing
of the torque linkage. For purposes of clarity, however, a
single sensor, 1.€., sensor 503, 1s illustrated on only upper

torque link 405.
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Placement of sensor 505 upon torque linkage 115 allows
for a shear force, P ..., to be determined. Further, shear
force P ... 1s related to moment MYV, wvia statics:
MV=P ,,.+*L , prv (L 5+ 18 discussed with reference to
FIG. 4, above). In addition, a length L represents a distance
between P ... and sensor 505. Length L 1s important to
determining the MV. For example, basic equations relating
MV to P, .. are as follows:

MBX
MBX = Papex L = Papex = ——

LG' gx
MV = PapexLapex = MV = z MBX

The bending stress and strain on upper torque link 405 (at
the location of sensor 505) 1s as follows:

MBX
o, =
XX

£, = Ex(assume that o, components of stress 1s negligible)

Combining the above-equations yields:

> MBX = ZxxEe,

Therefore, the measured strain can now be related to the
MV moment as follows:

Lap ex Lﬂp ex

MV = MBX

= /xxke,

Note that generally speaking, NLG designs do not include
brake 1installations. As a result, the MS moment 1s not
measured since this moment 1s caused by braking events.

Combining the stress equations for piston 110 and torque
linkage 1135, discussed above, yields a general landing gear
load algorithm as follows:

{ D 3 FSl 3
Y )
|4 &3
|A J4 s = < -
MD o |
MS &5
MV <6

Further, 1f shock strut internal pressure influences the
strain readings due to hoop stress the matrix becomes:

(D Y (g )
S &y
|4 &3
Al MD =< &4 ¢
MS Es
MV ¢
| Pressure | &7
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Varniables €,-e. represent either umaxial or shear strain
measurements. As discussed above (with reference to FIGS.
3A-3C), sensors 215 includes at least one shear sensor,
which decouples S from MD, and, ideally, 1s placed 1n a fore
or aft direction. Furthermore, another shear sensor that
measures strains placed 1n an mboard or outboard direction
decouples MS and D. The A-Matrix, provided above, can be
developed by a series of unit load calibration tests on a
landing gear or development via finite element analysis
(FEA). Once the A-Matrix 1s developed, simple linear
algebra can be used to determine the values for D, S, V, MD,
MS, MYV and Pressure each time a load event 1s encountered.
From these values, the impact of a loading event, e.g., a
landing, on the overall landing gear 100 can be assessed. The
algorithm can also be applied to measure wheel loads at axle
120 or axle loads on bogie beams (refer to FIGS. 8-10).

From the above-calculations, the following loads are
applied to torque link 405 at the location of sensor 505:

MBX=P pp el

PSY=P prv

Accordingly, MBX 1s directly proportional to P, 5+ This
allows for sensor 305 to be calibrated to P , .. Calibration
can mitially be completed via FEA and subsequently verified
during static testing. In addition, FEA can be used to
determine optimal locations for sensor 505 (and any addi-
tional sensors). Further, 1t the 1nitial sensor arrangement 1s
based on an FEA model, an algorithm used in the ODHMS,
disclosed herein, can later be calibrated with static load
testing.

The above discussion emphasizes an application of mul-
tiple loads at and along specific locations of landing gear
100, and also provides strategic locations for placement of
sensors, €.g., sensors 215 and sensor 305. The placement of
sensors and measurement data therefrom can be analyzed
using a finite element model (FEM), to yield a total load
experienced by the landing gear structure. In addition, the
application of multiple load components can further be
generalized for other landing gear designs. For example,
specific and strategic locations for placement of sensors, €.g.
sensors 215, are provided for various landing gear structures
illustrated in FIGS. 6-7.

FIG. 6 provides a perspective view of a typical cantilever-
type landing gear structure, 1.e., landing gear 600. In par-
ticular, FIG. 6 highlights specific and strategic locations for
placement of sensors on landing gear 600 that include a
piston base 605, torque linkage 610 and/or attachment pins
615. Sensors placed at piston base 605 can be placed at an
inboard side, an outboard side, or a combination thereof. In
addition, these locations also apply for multi-axle landing
gear designs.

FIG. 7 provides a perspective view of a typical aft
articulated-type landing gear structure, 1.e., landing gear
700. In particular, FIG. 7 highlights specific locations to
place sensors on landing gear 700 that include a shock strut
705, a structural post 710 and a trailing arm 715. Placing a
sensor on shock strut 705 can measure an axial load and also
can correct for hoop stress due to internal pressure.

In addition to piston and torque linkage locations for
two-wheel landing gear designs, additional sensors may be
required to account for landing gear designs that support
greater than two wheels, 1.e., four wheel designs having a
bogie beam.

FIG. 8 and FIG. 9 illustrate a typical cantilevered-type
landing gear structure having greater than two wheels.
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In particular, FIG. 8 illustrates a cantilevered landing gear,
1.e., landing gear 800. Landing gear 800 supports four
wheels via a bogie beam 805. Landing gear 800 further
includes a piston 8135 and torque linkage 820. Bogie beam
805 pivots about landing gear 800 at pivot point 810.

Sensors such as those discussed above, e.g., uniaxial
sensors and shear sensors, are strategically placed on either
side of pivot point 810 on bogie beam 805, 1.¢., fore, ait,
outbound and inbound. For example, sensors can be placed
at sensor locations 825. The sensors can provide strain
measurements 1 addition to, or, alternatively, instead of,
sensors located on piston 8135 and/or torque linkage 820.
Sensors placed fore and aft of pivot point 810 (on bogie
beam 8035) measure individual axle loads. Typically, for the
fore and aft measurement locations on the bogie beam, each
location would need a minimum of six sensors. Therefore, a
total of twelve sensors would be placed on the bogie beam
itself. A summation of these loads determines the total load

applied to landing gear 800.

FIG. 9 illustrates a cantilevered landing gear, 1.¢., landing,
gear 900 that supports six wheels, via a bogie beam 905.
Landing gear 900 further includes a piston base 915 and
torque linkage 920. Bogie beam 905 pivots about landing
gear 900 at pivot point 910.

Similar to FIG. 8, sensors in FIG. 9 are strategically
placed on either side of a pivot point 910 on a bogie beam
905, 1.e., fore, aft, outbound and inbound. Further, sensors
are placed at piston base 915. Specifically, sensors are placed
at sensor locations 925 and also at piston base 915. These
sensors provide strain measurements 1 addition to, or,
alternatively, instead of, sensors located on the piston and/or
torque linkage 920. Sensors placed fore and aft of pivot
point 910 on bogie beam 905, and sensors placed at piston
base 915 measure individual axle loads such as a forward
axle, an aft axle and a center axle. Sensors are typically
located on bogie beam 905 1n the same fashion as those
applied 1n FIG. 8—above, e.g., six sensors for each of fore
and aft locations. However, the six wheel configuration
turther requires additional sensors placed on the piston and
torque linkage similar to configurations discussed above for
two wheel cantilever designs. A summation of all the sensor
measurements determines the total load applied to landing
gear 900.

In addition to the loads applied to the torque linkage, the
piston, and the bogie beam, loads are also applied to the
aircraft axle, e.g., axle 120, via aircraft wheels.

FIGS. 10A-10D highlight forces applied to an aircraft
wheel, 1.e., a wheel 1005, and, thus, to an axle, 1.e., an axle
1010.

In particular, FIG. 10A 1s a front-elevation view of wheel
1005 attached to axle 1010. Axle 1010 includes a wheel
centerline 1015 and an axle centerline 1020. FIG. 10A also
illustrates a rolling radius (RR), a distance (e) between the
vertical force (V) and wheel centerline 1015, a length (L)
that measure a distance between wheel centerline 1015 to
cross section line B-B (discussed below), a vertical moment
(MV), and a side force (S).

FIG. 10B 1s a side-elevation view of FIG. 10A 1llustrating
a drag force on axle 1010 (DA) and a drag force acting at the
ground (DG), e.g., when brakes are active.

FIG. 10C 1s the same front-elevation view of FIG. 10A of
an axle 1010, but without the aircraft wheel 1005. FIG. 10C
illustrates loads acting on axle 1010 that include MYV, a drag
moment (MD), V an S.

FIG. 10D 1s a side view of FIG. 10C. FIG. 10D 1illustrates
a drag force (D) and a side moment (MS) on axle 1010.
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The total loads illustrated 1n FIGS. 10A-10D are calcu-
lated as follows:

D=D4A (Drag force acting on axle centerline when
brakes inactive)

D=DG (Drag force acting at the ground when
brakes are active)

S=(Applied side load at the ground)
V=(Applied vertical load at the ground)

MD=Ve+SxRR (Applied moment about the global
X-axis)

MS=-DGxRR (Applied moment about the global
Y-axis (brake torque))

MV=0 (Applied moment about the global Z-axis is
typically assumed to be 0)

FIG. 10E 1s a cross-sectional view of axle 1010 shown 1n
FIG. 10A viewed at cross section B-B.

Axle 1010 1s illustrated with eight uniaxial sensors num-
bered numerically 1-8. Eight sensors are chosen to measure
loads at section B-B. However, preferably, only six sensors
are required since there are s1x unknown variables needed to
calculate the loads applied at section B-B. Specifically, the
equation for equilibrium loading present at section B-B 1s as
follows:

2Fx=S5

2Mx=0 (any torque due to braking 1s not transferred
to the axle)

2My=MD-V(L-e)=Ve+SxRR-V{(L-e)=V(2e—L)+Sx
RR

SMz=MV+D(L-e)

Accordingly, the six unknown variables include D, S, V,
MYV, RR and e. Si1x umaxial strain sensors placed at various
locations about axle 1010 provide measurements necessary
to solve for these unknowns variables.

The s1x unknowns are developed from fundamental stress
analysis equations which represent loads applied to axle
1010 at section B-B. More specifically, umaxial sensors
measure strain on bending forces, axial strain and hoop
stress. Each type of these 1s calculated as follows:

Bending:

My Mz
Op = — + —
2yy L%
Axial:
S
o, =——
A
Hoop:
Oz

Thus, the total loads applied to section B-B are deter-
mined as follows:
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V@e-L)+SXRR MV+D(L—€)) S
A

G'I=G'b+ﬂ'g=( —_
Zyy 777

Oy =04¢
The total axial strain 1s then (from Hooke’s Law):

The total axial strain, determined from Hooke’s Law 1s as
follows:

1

Ex = E.(Erx _Uﬂ-y)

1[(V(2€—L)+S><RR MV + D(L - e) S] ]
= — + — — | —voy
E Zyy 277 A

Although the hoop stress (0) 1s also an unknown 1n the
above-equation, the values of the expected hoop stress at
cach sensor can be deter wined by relating the applied loads
to hoop stress via a finite element analysis (FEA). The FEA

relates hoop stress to an applied load and 1s completed by
applying combinations of vertical and drag ground loads to
the model and applying combinations of MD and MV to the
model. After FEA 1s conducted, and using the principle of
superposition, the total axial strain can be related as follows:

7y = 0o (D, V) + 0 (MD, MV) + ,(S)
oy, =0y(D, V) +0,(MD, MV)

1

Ex = E.(D-x _U"-j-y)

— é[(ﬂ'x(S) + D-I(Da V) +G—I(MD’ MV)) o

vio, (D, V)+o,(MD, MV))]

As discussed above, solving for total axial strain only
requires knowledge of six unknown quantities, 1.e., D, S, V,
MYV, RR and e. Theretfore, six sensors solve for all of the
unknown variables, and are placed about axle 1010 at
section B-B.

In addition, the FEA obviates a need to derive stress
equations based on applied loads and moments and, instead,
FEA results, based on a finite element model (FEM), can be
used directly. The FEA relates any hoop stress to an applied
load via a two step process: (1) apply combinations of
vertical and drag ground loads to the FEM and (11) apply
combinations of MD and MV moments to the FEM.

The location of loads and forces applied to an aircrait axle
correlates to strategic placement of sensors about the aircraft
axle. Further, these loads, forces, and strategic locations are
generalized for various landing gear designs. For example,
strategic locations for placement of sensors are provided for
various landing gear designs in FIGS. 11-12.

FIG. 11 1s a cantilever-type landing gear structure shown
in FIG. 6, 1.e., landing gear 600, and locations for sensor
placement on an axle thereof.

Landing gear 600 includes an axle 1105 and a sensor
location 1110. Sensor location 1110 indicates the location of
uniaxial sensors. Sensor location 1110 i1s shown on an
inboard section of axle 1105, but 1t 1s not limited to such. For
example, sensor location 1110 can also be on an outboard
section of axle 1105. Preferably, six sensors are located
around a section of axle 1105 and, further, the six sensors are
spaced equidistantly apart 1n an arrangement similar to
sensor arrangement 300.
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FIG. 12 illustrates the aft articulated-type landing gear
structure shown in FIG. 7, 1.e., landing gear 700, and
locations for sensor placement on an axle thereof.

Landing gear 700 includes an axle 1205 and a sensor
location 1210. Sensor location 1210 1s typically where
uniaxial sensors are located. Sensor location 1210, similar to
sensor location discussed 1in FIG. 11—above, 1s shown on an
inboard section of axle 1205, but 1t 1s not limited to such. For
example, sensor location 1210 can also be on an outboard
section of axle 1205. Preferably, six sensors are located
around a section of axle 1205 and, further, the six sensors are
spaced equidistantly apart in an arrangement similar to
sensor arrangement 300.

In sum, the strategic locations for placement of sensors
proximate to a landing gear include the piston, torque links
(including attachment pins), the axle, or combinations
thereof. In addition, for landing gears that employ bogie
beams, sensors are strategically placed on either side, of a
pivot point and also at the piston base. These designs provide
a simple detection system (and methods directed thereto)
that objectively and accurately assess the loads experienced
by the landing gear and, further, the degree to which the
landing gear components approach design limits caused by
the loads.

The techniques described herein are exemplary, and
should not be construed as implying any particular limitation
on the present disclosure. It should be understood that
various alternatives, combinations and modifications could
be devised by those skilled 1n the art. For example, steps
associated with the processes described herein can be per-
formed 1n any order, unless otherwise specified or dictated
by the steps themselves. The present disclosure 1s intended
to embrace all such alternatives, modifications and variances
that fall within the scope of the appended claims.

Although the system and methods of the present disclo-
sure¢ have been described with respect to the exemplary
embodiments above, those skilled i1n the art will readily
appreciate that changes and modifications may be made

thereto without departing from the spirit and scope of this
disclosure as defined by the appended claims.

What 1s claimed 1s:
1. A system for predicting loading of a landing gear
comprising;

a plurality of sensors positioned proximate to the landing
gear which yield strain data,

wherein the plurality of sensors comprises at least five
sensors and the plurality of sensors measures at least
five loads comprising a drag load, a side load, a vertical
load, a moment drag load, and a moment side load,
whereby the strain data may be determined; and

a first processor that receives the strain data from the
plurality of sensors and predicts at least one ground
load applied to the landing gear based on the strain
data,

wherein the first processor further predicts a weight and a
balance of an aircraft based only on the strain data;

a power supply module that provides power to the plu-
rality of sensors;

data acquisition circuitry that interrogates the plurality of
sensors to acquire the strain data therefrom; and

a second processor that instructs the data acquisition
circuitry as to the sampling rate and data resolution
comprising a bit resolution to be used to interrogate the
plurality of sensors,
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wherein the second processor mstructs the data acquisi-
tion circuitry to icrease the sampling rate and the data
acquisition resolution 1n response to a detected increas-
ing strain.

2. The system of claim 1, wherein the landing gear
comprises a piston and a torque linkage, wherein the plu-
rality of sensors are positioned about each of the piston and
the torque linkage.

3. The system of claim 1, wheremn the landing gear
comprises an axle, a piston, a torque linkage having an
attachment pin, a trailing arm, and a shock strut, wherein the
plurality of sensors are positioned about at least one of the
axle, the piston, the torque linkage, the attachment pin, the
trailing arm and the shock strut.

4. The system of claim 1, wherein the landing gear
comprises an axle, a piston, a torque linkage having an
attachment pin, a trailing arm, and a shock strut, wherein the
plurality of sensors are positioned about each of the axle
root, the piston, the torque linkage, the attachment pin, the
trailing arm, and the shock strut.

5. The system of claim 1, wherein the plurality of sensors
are selected from the group consisting of a uniaxial gauge
and a shear gauge.

6. The system of claim 1, wherein at least one sensor of
the plurality of sensors measures a hoop stress experienced
by the landing gear and yields hoop stress data, wherein the
processor further receives the hoop stress data, and predicts
the at least one ground load based on the hoop stress data and
the strain data.

7. The system of claim 1, wherein the landing gear further
comprises a bogie beam having a pivot point and at least two
axles, wherein the plurality of sensors are positioned on
cither side of the pivot point, wherein the strain data
comprises measurements of loads from each of the at least
two axles.

8. The system of claim 1, wherein the landing gear further
comprises a piston and a bogie beam that connects to the
piston at a piston base, the bogie beam comprising at least
two axles and a pivot point, wherein the plurality of sensors
are positioned on either side of the pivot point, and wherein
at least one of the plurality of sensors 1s positioned on the
piston base.

9. The system of claim 1, wherein the processor 1s a first
processor, the system further comprising:

a confrol umit 1n communication with the plurality of
sensors and positioned proximate the landing gear, the
control unit including:

a power supply module for providing power to the plu-
rality of sensors;

data acquisition circuitry that interrogates the plurality of
sensors to acquire the strain data therefrom; and

a second processor that instructs the data acquisition
circuitry as to the sampling rate and data resolution to
be used to interrogate the plurality of sensors.

10. The system of claim 1, wherein the processor 1s a {irst

processor, the system further comprising:

a power supply module that provides power to the plu-
rality of sensors; data acquisition circuitry that inter-
rogates the plurality of sensors to acquire the strain data
therefrom; and
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a second processor that instructs the data acquisition
circuitry as to the sampling rate and data resolution to
be used to interrogate the plurality of sensors.

11. A system as recited in claim 10, further comprising:

a data concentrator unit in communication with the sec-

ond processor, the data concentrator unit processes and
stores the strain data in non-volatile memory;

wherein the first processor receives the strain data from
the data concentrator unit.

12. The system as recited in claim 10, wherein the first
processor predicts the ground load applied to the landing
gear based at least one algorithm.

13. The system of claim 10, wherein the first processor
and the second processor are the same.

14. The system of claim 1, wherein the strain 1s measured
at a sensor location, wherein the processor further predicts
an occurrence of an overload condition 1n the landing gear,
based on a model that relates a magnitude of the at least one
ground load to a design limit of the landing gear.

15. The system of claim 14, wherein the model comprises
data that 1s generated from at least one selected from the
group consisting of finite element analysis and static load
testing of the landing gear.

16. The system of claim 14, wherein the processor further
transmits an alarm when the processor predicts the occur-
rence of the overload condition.

17. The system of claim 1, further comprising a database
in communication with the processor, wherein the database
stores the strain data, wherein the processor further com-
pares changes in the strain data over a time period yield a
health status of the landing gear.

18. A system for predicting loading of a landing gear
comprising;

a plurality of sensors positioned proximate to the landing

gear which yield strain data,

wherein the plurality of sensors comprises at least five
sensors and the plurality of sensors measures at least
five loads comprising a drag load, a side load, a vertical
load, a moment drag load, and a moment side load,
whereby the strain data may be determined; and

a first processor that receirves the strain data from the
plurality of sensors and predicts at least one ground
load applied to the landing gear based on the strain
data;

a control umt in communication with the plurality of
sensors and positioned proximate the landing gear, the
control unit including;

a power supply module for providing power to the plu-
rality of sensors;

data acquisition circuitry that interrogates the plurality of
sensors to acquire the strain data therefrom; and

a second processor that instructs the data acquisition
circuitry as to the sampling rate and data resolution
comprising a bit resolution to be used to iterrogate the
plurality of sensors,

wherein the second processor instructs the data acquisi-
tion circuitry to increase the sampling rate and the data
acquisition resolution in response to a detected increas-
ing strain.
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